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Study for Power Semiconductor Module
Using Carbon-Based Anisotropic Thermal Conducting Material
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Summary
Study for a package using novel heatsink has been carried out by thermal and structural simulations. The 
heatsink is consisted of double structure of carbon-based anisotropic material. After the calculation of 
thermal resistances and thermal stresses, lower thermal resistance of a package using the heatsink is found 
than that of Cu heatsink. In addition, it is expected that thermal stress of thermal cycle is reduced using 
rectangular semiconductor chips.
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㸬ࡣࡌࡵ࡟
ᆅ⌫⎔ቃၥ㢟࡬ࡢᑐᛂ࡜ࡋ࡚ࠊ㟁Ẽ⮬ື㌴ࡸᑠつ
ᶍⓎ㟁➼࡟࠾ࡅࡿᑠᆺ㟁ຊኚ᥮ჾࡢ㟂せࡀᣑ኱ࡋ࡚
࠸ࡿࠋࡑࡢኚ᥮ჾ࡟ࡣࣃ࣮༙࣡ᑟయࡀከᩘ⏝࠸ࡽࢀ
࡚࠸ࡿࠋ⌧ᅾࡢࣃ࣮༙࣡ᑟయࡣ 6Lࢆᮦᩱ࡜ࡋࡓࡶࡢ
ࡀ୺ὶ࡛࠶ࡿࡀࠊࡼࡾ㧗ᛶ⬟࡞ 6L& ࡸ *D1 ࣃ࣮༙࣡
ᑟయࢆ⏝࠸ࡓࠊ㧗ࣃ࣮࣡ᐦᗘࣔࢪ࣮ࣗࣝࡢ㛤Ⓨࡀ⾜
ࢃࢀ࡚࠸ࡿࠋࡑࡢ㝿ࠊࣃ࣮༙࣡ᑟయ࡟࠾ࡅࡿ⇕
ၥ㢟ࡀࡼࡾ㢧ⴭ࡟࡞ࡿ࡜⪃࠼ࡽࢀࡿࠋࣃ࣮༙࣡ᑟయ
ࡣࠊ㟁ຊᦆኻ࡟క࠺⇕ὶ᮰ࡀ኱ࡁࡃࠊᨺ⇕ᯈࢆ⏝࠸
࡚⇕ᣑᩓࡉࡏࡿࡇ࡜ࡀከ࠸ࠋࡑࡢᨺ⇕ᯈ࡟ࡣ &Xࡸ $O
࡞࡝ࡢ㔠ᒓࡸࠊ⇕⭾ᙇಀᩘᕪࢆ⪃៖ࡋࡓ $O6L& ࡞࡝
ࡀ⏝࠸ࡽࢀࡿࡀ᭱ࠊ ࡶ⇕ఏᑟ⋡ࡀ㧗࠸ࡶࡢ࡛ࡶ &Xࡢ
:P. ⛬ᗘ࡛࠶ࡾࠊࡉࡽ࡟⇕ఏᑟ⋡ࡢ㧗࠸ᮦᩱࡀồ
ࡵࡽࢀ࡚࠸ࡿࠋ
Ⅳ⣲⣔ᮦᩱࡢ୰࡛ࠊࢢࣛࣇ࢓࢖ࢺᮦᩱࡣ≉ᐃࡢ
᪉ྥ㸦;㸪< ᪉ྥ㸧࡟ᴟࡵ࡚㧗࠸⇕ఏᑟ⋡ࢆ♧ࡋࠊ᭱
኱࡛ࡣ :P. ⛬ᗘ࡛࠶ࡿࠋࡋ࠿ࡋⷧᯈ≧ࡢࡶ
ࡢࡣࠊ㠃࡟┤஺ࡍࡿ᪉ 㸦ྥ= ᪉ྥ㸧ࡢ⇕ఏᑟ⋡ࡀపࡃࠊ
࣓ࣜࢵࢺࡀᚓࡽࢀ࡟ࡃ࠸ࠋᮏ◊✲࡛ࡣࠊᅗ  ࡟♧ࡍ
ࡼ࠺࡟ࠊ㠃᪉ྥ࡟㧗⇕ఏᑟࢆᣢࡘࢢࣛࣇ࢓࢖ࢺᮦᩱ
ࢆ rᅇ㌿ࡉࡏࠊᶓ᪉ྥ࡟✚ᒙࡋࡓᯈࢆస〇ࡋࠊ=
᪉ྥ࡜ ; ࡶࡋࡃࡣ < ᪉ྥ࡟㧗࠸⇕ఏᑟࢆᣢࡓࡏࡓࠋ
ࡇࡢᯈࢆࠊᅗ  ࡟♧ࡍࡼ࠺࡟ࠊୖୗ࡟஧ᯛ㈞ࡾྜࢃ
ࡏࡓࠋᚑࡗ࡚ୖ㒊ࡣ ;㸪=᪉ྥࡀ㧗⇕ఏᑟ࡜࡞ࡾࠊୗ
㒊ࡣ <㸪=᪉ྥࡀ㧗⇕ఏᑟ࡜࡞ࡿࡇ࡜࡟ࡼࡾࠊ=᪉ྥ
ࡢ㧗࠸⇕ఏᑟ࡟ຍ࠼࡚㠃ෆ᪉ྥ㸦;㸪< ᪉ྥ㸧࡬ࡢᨺ
⇕ࡀᮇᚅ࡛ࡁࠊᚑ᮶ࡢ &Xࢆ⏝࠸ࡓᨺ⇕ᯈࡼࡾప࠸⇕
᢬ᢠ࡜࡞ࡿྍ⬟ᛶࡀ⪃࠼ࡽࢀࡿࠋ
ᮏㄽᩥ࡛ࡣࠊࡑࡢࡼ࠺࡟ࢢࣛࣇ࢓࢖ࢺ࡟ࡼࡿ ;㸪=
᪉ྥ࡟㧗⇕ఏᑟࢆ♧ࡍᯈ࡜ࠊ<㸪= ᪉ྥ࡟㧗⇕ఏᑟࢆ
♧ࡍᯈࢆ㈞ࡾྜࢃࡏࡓᵓ㐀ࡢࠊᨺ⇕ᯈ࡜ࡋ࡚ࡢ㐺⏝
ྍ⬟ᛶࢆ  ḟඖ᭷㝈せ⣲ἲ࡟ࡼࡿ⇕ゎᯒ࠾ࡼࡧ⇕ᛂ
ຊゎᯒࢆ⏝࠸᳨࡚ウࡋࡓࠋ
㸨 ኱ྠ኱ᏛᕤᏛ㒊㟁Ẽ㟁ᏊᕤᏛ⛉
㸨㸨 ኱ྠ኱Ꮫ኱Ꮫ㝔ᕤᏛ◊✲⛉㟁Ẽ࣭㟁ᏊᕤᏛᑓᨷ
㸨㸨㸨 ᰴᘧ఍♫ࢧ࣮ࣔࢢࣛࣇ࢕ࢸ࢕ࢡࢫ
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㸬ࢢࣛࣇ࢓࢖ࢺᮦᩱ
ᮏ◊✲䛷᳨ウ䛧䛯䜾䝷䝣䜯䜲䝖䛾≀ᛶ್䜢⾲ 1 䛻䚸௚
ᮦᩱ䛸䛾ẚ㍑䜢⾲ 2䛻♧䛩䚹ᮏ䜾䝷䝣䜯䜲䝖䛿䚸୍⯡ⓗ䛺
䜾䝷䝣䜯䜲䝖䛸ྠᵝ䛾ᵓ㐀䜢ᣢ䛱䚸භဨ⎔䛜ඹ᭷⤖ྜ䛷
⧅䛜䛳䛯䜾䝷䝣䜵䞁䛜✚ᒙ䛧䛯ᵓ㐀య䛷䛒䜛䚹ྛ㠃䛿䝣
䜯䞁䝕䝹䝽䞊䝹䝇ຊ䛷⤖ྜ䛥䜜䛶䛔䜛䚹〇㐀᪉ἲ䛿䚸ᅗ
3䛻♧䛩 CVDἲ䠄Chemical Vapor Deposition䠅䜢⏝䛔䛶䚸
ཎᩱ䛸䛺䜛Ⅳ໬Ỉ⣲䜺䝇䜢ຍ⇕཯ᛂ⅔䜈ὶ䛧䚸2,000°C
௨ୖ䛾ຍ⇕䛻䜘䜚䚸ᇶᯈ䛻⤖ᬗ䜢✚ᒙ䛥䛫䛶䛔䜛䚹ᯈ≧
䛸䛧䛶⏕ᡂ䛥䜜䛯䜾䝷䝣䜯䜲䝖䛿䚸௨ୗ䛾≉ᚩ䜢ᣢ䛴䚹
1. ⇕ఏᑟ⋡䛜 2᪉ྥ䛻 1,700W/mK 䛸㧗䛟䚸ᚑ᮶䛾㔠
ᒓ⣔ᮦᩱ䛻ẚ䜉䚸⣙ 4䡚8ಸ䚹
2. ⇕⭾ᙇಀᩘ䛜䚸⇕ఏᑟ⋡䛾㧗䛔᪉ྥ䛷䛿
-0.6ppm/K 䛸ᑠ䛥䛟䚸༙ᑟయᮦᩱ䛸䛾ᩚྜ䛜ᮇᚅ䛥
䜜䜛䚹
3. ᐦᗘ䛜 2.22g/cm3䛷䛒䜚䚸ᚑ᮶䛾㔠ᒓ⣔ᮦᩱ䛻ẚ䜉䚸
༙ศ௨ୗ䛾㔜㔞䛻䜘䜚䚸䝰䝆䝳䞊䝹䛾㍍㔞໬䛜ぢ㎸
䜎䜜䜛䚹
4. ᚑ᮶䛾䜹䞊䝪䞁ᮦᩱ䛸␗䛺䜚䚸㔠ᒓ䛺䛹䛾⾲㠃䝁䞊
䝔䜱䞁䜾䛜ྍ⬟䛷᥋ྜ䛷䛝䜛䚹
5. 㧗⢭ᗘ䛺ᡂᙧ䚸ຍᕤ䛜ྍ⬟䚹
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ᅗ  ⇕ఏᑟ᪉ྥไᚚࡢᶍᘧᅗ

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
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
ᅗ  ᮏᵓ㐀࡟࠾ࡅࡿࢢࣛࣇ࢓࢖ࢺࡢ⇕ఏᑟ⋡
⾲ ࢢࣛࣇ࢓࢖ࢺࡢ≀ᛶ್
≉ᛶ㻌 ᪉ྥ㻌 ್㻌
ᐦᗘ㼇㼓㻛㼏㼙㻟㼉㻌 㻙㻌 㻞㻚㻞㻞㻌
ᘬᙇᙉᗘ㼇㼗㻼㼍㼉㻌 㼍㻌 㻞㻤㻘㻥㻜㻜㻌 㻌
ᙎᛶ⋡㼇㻳㻼㼍㼉㻌 㼍㻌 㻡㻜㻌
᭤䛢ᙎᛶ⋡㼇㻹㻼㼍㼉㻌 㼍㻌 㻟㻟㻘㻞㻜㻜㻌 㻌
⇕⭾ᙇಀᩘ㼇㼜㼜㼙㻛㻷㼉㻌
㼍㻌 㻙㻜㻚㻢㻌
㼏㻌 㻞㻡㻌
⇕ఏᑟ⋡㼇㼃㻛㼙㻷㼉㻌 㼍㻌 㻝㻘㻣㻜㻜㻌 㻌
㼏㻌 㻣㻌
㟁Ẽ᢬ᢠ⋡㼇䃈䞉㼏㼙㼉㻌 㼍㻌 㻡㻚㻜㽢㻝㻜
㻙㻠㻌
㼏㻌 㻜㻚㻢㻌
㓟໬㛤ጞ ᗘ㼇䉝㼉㻌 㼍㻌 㻢㻡㻜㻌
㏱㐣ᛶ㼇㻴㼑㼉㻌 㻙㻌 㻝㻜㻙㻢㼙㼙㻴㼓㻌


⾲ ௚ྛ✀ᮦᩱ࡜ࡢ≉ᛶẚ㍑
㻌 㻌
⇕ఏᑟ⋡
㼇㼃㻛㼙㻷㼉㻌
⇕⭾ᙇಀᩘ
㼇㼜㼜㼙㻛㻷㼉㻌
ຍᕤᛶ㻌
ᐦᗘ㻌 㻌 㻌
㼇㼓㻛㼏㼙㻟㼉
䜾䝷䝣䜯䜲䝖㻌 㻝㻘㻣㻜㻜㻌 㻌 㻙㻜㻚㻢㻌 䕿㻌 㻞㻚㻞㻞㻌
䝎䜲䝲䝰䞁䝗㻌 㻞㻘㻜㻜㻜㻌 㻌 㻞㻚㻟㻌 䕧㻌 㻟㻚㻡㻞㻌
㻭㼘㻞㻻㻟㻌 㻞㻜㻌 㻌 㻤㻌 䕿㻌 㻟㻚㻥㻌
㻿㼕㻯㻌 㻢㻜䡚㻠㻥㻜㻌 㻠㻚㻞㻌 䕧㻌 㻟㻚㻞㻡㻌
㻭㼘㻺㻌 㻣㻜䡚㻞㻢㻜㻌 㻠㻚㻣㻌 䕧㻌 㻟㻚㻟㻌
㻮㼑㻻㻌 㻞㻡㻜㻌 㻣㻚㻤㻌 䕧㻌 㻞㻚㻥㻌
㻿㼕㻌 㻝㻡㻜㻌 㻞㻚㻢㻌 䕿㻌 㻞㻚㻟㻟㻌
㻭㼓㻌 㻠㻟㻜㻌 㻝㻥㻚㻝㻌 䕿㻌 㻝㻜㻚㻡㻌
㻯㼡㻌 㻠㻜㻜㻌 㻝㻢㻚㻤㻌 䕿㻌 㻤㻚㻥㻞㻌
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ᅗ  ࢢࣛࣇ࢓࢖ࢺࡢ〇㐀᪉ἲ
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㸬⇕≉ᛶண 
 ゎᯒ᪉ἲ
ᨺ⇕ᯈ䛻䜾䝷䝣䜯䜲䝖䜢㐺⏝䛧䛯ᮏᵓ㐀䛻䛴䛔䛶䚸ᐃ
ᖖ⇕ゎᯒ䜢⾜䛔䚸ᵓ㐀඲య䛾⇕᢬ᢠ䜢ồ䜑䛯䚹ẚ㍑䛸
䛧䛶ᨺ⇕ᯈ䛻Cu䜔CuMo䜢⏝䛔䛯ᵓ㐀䛻䛴䛔䛶ゎᯒ䜢
⾜䛳䛯䚹
ゎᯒ䛻⏝䛔䛯䝰䝕䝹䛾እほ䜢ᅗ 4 䛻䚸᩿㠃ᵓ㐀䜢ᅗ
5 䛻♧䛩䚹䜎䛯䚸䛭䛾≀ᛶ್䛚䜘䜃ᑍἲ䜢⾲ 3 䛻♧䛩䚹
ゎᯒ䝰䝕䝹䛿䚸⡆᫆䛺ᵓ㐀䛸䛧䛶䚸༙ᑟయ⣲Ꮚ䜢ᨺ⇕
ᯈ䛾୰ᚰ䛻ᐇ⿦䛧䚸䛭䜜䜢ఏ⇕䜾䝸䝇䛷෭༷ჾ䛻ᅛᐃ䛧
䛯ᵓ㐀䛸䛧䛯䚹༙ᑟయ⣲Ꮚ䛿䚸௒ᚋ㐺⏝䛜ぢ㎸䜎䜜䜛
SiC ⣲Ꮚ䛸䛧䛶䚸䛭䛾⣲Ꮚୖ㠃䛻୍ᵝ䛾⇕ὶ᮰䜢タᐃ䛧
䛯䚹⣲Ꮚ䛸䜾䝷䝣䜯䜲䝖䛾᥋ྜ㒊䛿䚸Sn-3Ag-0.5Cu 䛿䜣
䛰䛸䛧䛯䚹䜾䝷䝣䜯䜲䝖䛾ཌ䛥䛿 3mm䛾 2ᒙ䠄ィ 6mm䠅䛸䛧
䛯䚹෭༷ჾ䛿ᗏ㠃୍ᵝ䛻䚸 ᗘ 65°C 䛚䜘䜃䚸⇕ఏ㐩ಀ
ᩘ䜢タᐃ䛧䛯䚹⇕ఏ㐩ಀᩘ䛿䚸Ỉ෭䜔✵෭䛺䛹䛾≧ἣ
䜢᝿ᐃ䛧䚸10䡚100,000W/m2K 䛸䛧䛯䚹ᵓ㐀඲య䛾⇕᢬
ᢠ Rth[K/W]䜢䚸௨ୗ䛾ィ⟬ᘧ(1)䛻䜘䜚ồ䜑䛯䚹
ᅗ ⇕ゎᯒ࡟⏝࠸ࡓࣔࢹࣝࡢእほ
ᅗ ⇕ゎᯒ࡟⏝࠸ࡓࣔࢹࣝࡢ᩿㠃ᵓ㐀
Rth = (T1-T2)/P                          (1)
T1[°C]䛿 SiC⣲Ꮚ䛾ୖ㠃䛾୰ᚰ ᗘ䛸䛧䚸T2[°C]䛿෭
༷ჾ䛾෭፹ ᗘ(65°C)䚸P[W]䛿 SiC⣲Ꮚ䛻୚䛘䛯⇕㔞
䛷䛒䜛䚹
 ゎᯒ⤖ᯝ࠾ࡼࡧ⪃ᐹ
ᅗ 6䛻ゎᯒ䛛䜙ồ䜑䛯䚸ᵓ㐀඲య䛾⇕᢬ᢠ䜢♧䛩䚹䛣
䛾⤖ᯝ䛛䜙䚸ᨺ⇕ᯈ䛻䜾䝷䝣䜯䜲䝖䜢⏝䛔䛯ሙྜ䛷䛿䚸
Cu䜔 CuMo䛾ሙྜ䛸ẚ㍑䛧䛶䚸䛔䛪䜜䛾⇕ఏ㐩ಀᩘ䛷
䜒⇕᢬ᢠ䛜ప䛔⤖ᯝ䛜ᚓ䜙䜜䛯䚹䛣䜜䛿䚸ᮏ䜾䝷䝣䜯䜲䝖
䛿ཌ䛥᪉ྥ䠄Z ᪉ྥ䠅䛻㧗䛔⇕ఏᑟ⋡䜢♧䛩䛣䛸䛜せᅉ
䛸䛧䛶ᣲ䛢䜙䜜䜛䚹䜎䛯䚸ᮏ䜾䝷䝣䜯䜲䝖䛿▷ᡤ䛸䛧䛶 1 ᪉
ྥ䛻ప䛔⇕ఏᑟ⋡䜢♧䛩䛜䚸ᮏᵓ㐀䛷䛿䚸␗䛺䜛᪉ྥ
䛻㧗䛔⇕ఏᑟ䜢♧䛩 2ᯛ䛾ᯈ䠄X䠈Z᪉ྥ䛸 Y䠈Z᪉ྥ䠅
䜢㈞䜚ྜ䜟䛫䛯䛣䛸䛷䚸Z᪉ྥ௨እ䛾 2᪉ྥ䠄X䠈Y᪉ྥ䠅
䛻䜒㧗䛔⇕ఏᑟ䛜ᚓ䜙䜜䚸ຠᯝⓗ䛻⇕᢬ᢠ䛜ῶᑡ䛧䛯
䛸⪃䛘䜙䜜䜛䚹ᚑ䛳䛶䚸ᮏᵓ㐀䛿䚸⇕᢬ᢠ䛜 Cu 䜢⏝䛔䛯
ሙྜ䜘䜚䜒ప䛟䚸ᨺ⇕ᯈ䛻䜾䝷䝣䜯䜲䝖䜢㐺⏝䛩䜛䛣䛸䛷䚸
ᚑ᮶䛾䝟䝽䞊䝰䝆䝳䞊䝹䜘䜚䚸ᨺ⇕ᛶ䛾㧗䛔ᵓ㐀䛜ᐇ
⌧䛷䛝䜛ྍ⬟ᛶ䛜ண᝿䛥䜜䛯䚹
ᅗ ᵓ㐀඲యࡢ⇕᢬ᢠ
⾲  ゎᯒ࡟⏝࠸ࡓᮦᩱ≀ᛶ್࠾ࡼࡧᑍἲ
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㸬ᵓ㐀ゎᯒ࡟ࡼࡿಙ㢗ᛶண 
 ゎᯒ᪉ἲ
ᮏ䜾䝷䝣䜯䜲䝖䛿䚸⤖ᬗ㓄ิ䛾ྥ䛝䛻䜘䜚⇕⭾ᙇಀᩘ
䛜␗䛺䛳䛶䛚䜚䚸a㍈䛻-0.6ppm/K䚸c㍈䛻 25ppm/K䛷䛒
䜛䚹䛣䛾␗᪉ⓗᛶ㉁䜢ᣢ䛴䚸䜾䝷䝣䜯䜲䝖䜢ᨺ⇕ᯈ䛻㐺⏝
䛧䛯䛸䛝䛾ಙ㢗ᛶ䛻䛴䛔䛶䚸ᵓ㐀ゎᯒ䜢⏝䛔䛶᳨ウ䛧䛯䚹
௒ᅇ䚸ಙ㢗ᛶヨ㦂䛾୍䛴䛷䛒䜛 ᗘ䝃䜲䜽䝹ヨ㦂䜢᝿
ᐃ䛧䚸⎔ቃ ᗘ䛾ኚ໬䛻䜘䜚ᮦᩱ㛫䛾⇕⭾ᙇಀᩘᕪ䛻
㉳ᅉ䛧䛶Ⓨ⏕䛩䜛ᛂຊ䜢䚸┦ᙜᛂຊ䛷ホ౯䛧䛯䚹䛺䛚䚸
ᮏ◊✲䛷䛿⡆᫆ⓗ䛺ண 䛾䛯䜑䚸⥺ᙧゎᯒ䛸䛧䛯䚹
ᵓ㐀ゎᯒ䛻౑⏝䛧䛯䝰䝕䝹䜢ᅗ 7 䛻♧䛩䚹䝰䝕䝹䛾
ᵓᡂ䛿䚸SiC ⣲Ꮚ䚸䛿䜣䛰䚸ᨺ⇕ᯈ䛸䛧䛶䚸䛭䛾≀ᛶ್
䛚䜘䜃ᑍἲ䜢⾲ 3䛻♧䛩䚹ゎᯒ᮲௳䛸䛧䛶䚸䝰䝕䝹඲య
䛾࿘ᅖ ᗘ䜢 25°C䛛䜙 200°C䜈ୖ᪼䛥䛫䛯䚹ᣊ᮰᮲௳
䛸䛧䛶䚸ᨺ⇕ᯈ䛾⿬㠃୰ኸ䜢ᅛᐃ䛧䛯䚹
 ゎᯒ⤖ᯝ࠾ࡼࡧ⪃ᐹ

ᅗ 8 䛻ᵓ㐀ゎᯒ䛻䜘䜚ồ䜑䛯᭱኱ᛂຊ䜢♧䛩䚹䜎䛯䚸
ᮏᵓ㐀䛻䛚䛡䜛⣲Ꮚ䝃䜲䝈䛸ᛂຊ䛾㛵ಀ䛻䛴䛔䛶䜒♧
䛩䚹䛔䛪䜜䛾䝰䝕䝹䛷䜒┦ᙜᛂຊ䛾᭱኱್䛿⣲Ꮚ௜㏆
䛻⌧䜜䛯䚹ᅗ 8 䛾⤖ᯝ䛛䜙䚸⇕ゎᯒ䛸ྠᵝ䛻⣲Ꮚ䝃䜲䝈
䛜 6mm㽢6mm 䛷ᨺ⇕ᯈ䛻䜾䝷䝣䜯䜲䝖䜢⏝䛔䛯ᮏᵓ㐀
䠄ᅗ 7a䠅䛾᭱኱┦ᙜᛂຊ䛿 1.66GPa䛷䛒䛳䛯䚹䛣䜜䛿Cu
䜢⏝䛔䛯ᵓ㐀䛾 1.21GPa 䜘䜚䜒㧗䛔್䛷䛒䜛䛣䛸䛛䜙䚸ಙ
㢗ᛶ䛜Ⰻዲ䛷䛺䛔䛣䛸䛜᥎ 䛥䜜䛯䚹
ḟ䛻䚸ᛂຊ䜢᪉ྥ䛤䛸䛻ồ䜑䛯䚹X᪉ྥ䛸 Y᪉ྥ䛾᭱
኱ᆶ┤ᛂຊ䜢ồ䜑䛯⤖ᯝ䚸Y ᪉ྥ䛾᭱኱ᆶ┤ᛂຊ䛿
1.67GPa䠄ᘬᙇ䠅䛷䛒䜚䚸X ᪉ྥ䛾 0.75GPa䠄ᅽ⦰䠅䛸ẚ㍑
䛧䛶㧗䛔್䛷䛒䛳䛯䚹䛣䜜䛿䚸ᨺ⇕ᯈୖ㒊䛾䜾䝷䝣䜯䜲䝖
䛜኱䛝䛺⇕⭾ᙇಀᩘ䜢♧䛩᪉ྥ䜈ఙ䜃䜘䛖䛸䛩䜛䛾䛻
ᑐ䛧䛶䚸⣲Ꮚ䛾⇕⭾ᙇಀᩘ䛜ẚ㍑ⓗᑠ䛥䛔䛣䛸䛻䜘䜚ఙ
䜃䛺䛔䛯䜑䚸Y ᪉ྥ䛾᭱኱ᆶ┤ᛂຊ䛿㧗䛟䛺䛳䛯䛸⪃䛘
䜙䜜䜛䚹
⣲Ꮚ䜈ຍ䜟䜛᭱኱┦ᙜᛂຊ䜢ୗ䛢䜛䛯䜑䛻䛿䚸Y ᪉
ྥ䛾ᆶ┤ᛂຊ䜢పῶ䛥䛫䜛ᚲせ䛜䛒䜛䚹䛭䛣䛷䚸ᅗ 7b䛻
♧䛩䜘䛖䛻⣲Ꮚ㠃✚䛿➼䛧䛔䜎䜎䚸⣲Ꮚ䝃䜲䝈䜢 12mm
㽢3mm 䛸䛧䛶䚸ୖ㒊䛾䜾䝷䝣䜯䜲䝖䛾⇕⭾ᙇಀᩘ䛜኱䛝
䛺᪉ྥ䠄Y᪉ྥ䠅䜢▷㎶᪉ྥ䛸䛧䛯䝰䝕䝹䜢సᡂ䛧䚸ྠᵝ
䛻ゎᯒ䜢⾜䛳䛯䚹䛭䛾⤖ᯝ䚸Y ᪉ྥ䛾᭱኱ᆶ┤ᛂຊ䛜
1.31GPa䠄ᘬᙇ䠅䜎䛷పῶ䛥䜜䚸䛭䜜䛻క䛔᭱኱┦ᙜᛂ
ຊ䛻䛚䛔䛶䜒 1.22GPa 䜎䛷పῶ䛥䜜䛯䚹䛣䜜䛿䚸Cu 䜢⏝
䛔䛯ሙྜ䛸ྠ➼䛺ᛂຊ್䛷䛒䜚䚸ᮏᵓ㐀䛾ಙ㢗ᛶ䛿 Cu
䛾ᨺ⇕ᯈ䛸ྠ➼䛻䛷䛝䜛ྍ⬟ᛶ䛜♧၀䛥䜜䛯䚹
࡞࠾ࠊୖグࡢࣔࢹࣝ࡜ࡣ㏫࡟ࠊ⣲Ꮚࢧ࢖ࢬࢆ 3mm
12mm ࡜ࡋ࡚ࠊୖ㒊ࡢࢢࣛࣇ࢓࢖ࢺࡢ⇕⭾ᙇಀᩘ
ࡀ኱ࡁ࡞᪉ྥ㸦Y ᪉ྥ㸧ࢆ㛗㎶᪉ྥ࡜ࡋࡓ⤖ᯝࠊY
᪉ྥࡢ᭱኱ᆶ┤ᛂຊࡀ㧗ࡃ࡞ࡿࡇ࡜࡛ࠊ⣲Ꮚ࡟ຍࢃ
ࡿ᭱኱┦ᙜᛂຊࡀ 2.02GPa ࡜࡞ࡾࠊ௚ࡢ⣲Ꮚࢧ࢖ࢬ
࡜ẚ㍑ࡋ࡚᭱ࡶ኱ࡁ࡞ᛂຊ್ࢆ♧ࡋࡓࠋࡇࢀࡽ࡟ࡼ
ࡗ࡚ࠊᮏᵓ㐀ࢆ⏝࠸ࡓሙྜࠊ㛗᪉ᙧࡢ⣲Ꮚࢆ౑⏝ࡋࠊ
ୖ㒊ࡢࢢࣛࣇ࢓࢖ࢺࡢ⇕⭾ᙇಀᩘࡀ኱ࡁ࡞᪉ྥࢆ▷
㎶᪉ྥࢆ࡜ࡍࡿࡇ࡜ࡀᛂຊࡢ⦆࿴࡟⧅ࡀࡿࡇ࡜ࡀண
 ࡉࢀࡓࠋ
ᅗ ᵓ㐀ゎᯒ࡟⏝࠸ࡓࣔࢹࣝࡢእほ
D㸸ࢳࢵࣉ PPPPࠊE㸸ࢳࢵࣉ PPPP
 ᅗ ྛࣔࢹࣝ࡟࠾ࡅࡿ᭱኱ᛂຊ࠾ࡼࡧࠊ
⣲Ꮚࢧ࢖ࢬ࡜ᛂຊࡢ㛵ಀ
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ࡲ࡜ࡵ
ᮏ◊✲䛷䛿䚸䜾䝷䝣䜯䜲䝖 2ᒙᵓ㐀䛾ᨺ⇕ᯈ䜈䛾㐺⏝
ྍ⬟ᛶ䜢᳨ウ䛩䜛┠ⓗ䛷䚸⡆᫆䛺ゎᯒ䝰䝕䝹䛻䜘䜛⇕
᢬ᢠ䛸༙ᑟయ⣲Ꮚ䛾⇕ᛂຊண 䜢⾜䛳䛯䚹⇕ゎᯒ䛾⤖
ᯝ䛛䜙䚸ᮏᵓ㐀䛿ᨺ⇕ᯈ䛻 Cu䜢⏝䛔䛯ᵓ㐀䛸ẚ䜉⇕᢬
ᢠ䜢పῶ䛷䛝䚸ᨺ⇕ᯈୗ㠃䛾⇕ఏ㐩ಀᩘ䜢ኚ䛘䛶䜒䛭
䛾ഴྥ䛿ኚ䜟䜙䛺䛔䛣䛸䛜ண 䛥䜜䛯䚹
䜎䛯䚸ᮏᵓ㐀䛾ಙ㢗ᛶホ౯䛸䛧䛶⇕ᛂຊゎᯒ䜢⾜䛳
䛯⤖ᯝ䚸ṇ᪉ᙧ䛾⣲Ꮚ䛷䛿 Cu䜢⏝䛔䛯ᵓ㐀䛸ẚ䜉䚸⣲
Ꮚ䛻䛛䛛䜛ᛂຊ䛿㧗䛔್䜢♧䛧䛯䚹䛧䛛䛧䚸㛗᪉ᙧ䛾⣲
Ꮚ䜢⏝䛔䛶䚸ᨺ⇕ᯈୖ㒊䛾䜾䝷䝣䜯䜲䝖䛾⇕⭾ᙇಀᩘ䛜
኱䛝䛺᪉ྥ䜢▷㎶᪉ྥ䛸䛩䜛䛣䛸䛷䚸ᛂຊ䜢 Cu 䛸ྠ➼䜎
䛷పῶ䛷䛝䜛ྍ⬟ᛶ䛜♧䛥䜜䛯䚹
ཧ⪃ᩥ⊩
㻌
1䠅 すᒸᆂ㻦䇿㻿㼕㻯 䝟䝽䞊䝕䝞䜲䝇䛾㌴㍕ᐇ⏝໬䛾ᒎᮃ䇿㻘ᖹᡂ 㻞㻢
ᖺ㟁ẼᏛ఍඲ᅜ኱఍ㅮ₇ㄽᩥ㞟㻘㻠㻙㻿㻝㻥㻙㻠㻘㼜㼜㻚㻝㻟㻙㻝㻢㻘㻞㻜㻝㻠㻚㻌
㻞䠅㻌 ᐑ௦ᩥኵ㻦䇿㻿㼕㻯䝟䝽䞊䝕䝞䜲䝇ᐇ⿦ᢏ⾡䛚䜘䜃ᐇ⿦ᮦᩱ䛾㛤
Ⓨືྥ䇿㻘➨ 㻞㻟 ᅇ䝬䜲䜽䝻䜶䝺䜽䝖䝻䝙䜽䝇䝅䞁䝫䝆䜴䝮ㄽᩥ
㞟㻘㼜㼜㻚㻝㻟㻙㻝㻢㻘㻞㻜㻝㻟㻚㻌
㻟䠅㻌 బ䚻ᮌඞᙪ㻘∦᱒୍ᙲ㻘Ọ஭᫂ኵ㻘ఀ⸨ὒᖹ㻘㧗ᶫᩍ㞝㻘ᇉ㎷
⠜㻦䇿䜹䞊䝪䞁䝘䝜䝏䝳䞊䝤㻙䜹䞊䝪䞁䝣䜯䜲䝞䞊䝛䝑䝖䝽䞊䜽䜢
฼⏝䛧䛯䜰䝹䝭䝙䜴䝮ᇶ㧗⇕ఏᑟ」ྜᮦᩱ䇿㻘➨ 㻞㻟 ᅇ䝬䜲䜽䝻
䜶䝺䜽䝖䝻䝙䜽䝇䝅䞁䝫䝆䜴䝮ㄽᩥ㞟㻘㼜㼜㻚㻝㻣㻙㻞㻜㻘㻞㻜㻝㻟㻚㻌
㻠䠅㻌 ➉㤿ඞὒ㻦䇿㧗⇕ఏᑟᛶ䜹䞊䝪䞁䛂㻼㼅㻾㻻㻵㻰㻌 㻴㼀䛃䇿㻘᭶ห䝁䞁䝞
䞊䝔䝑䜽㻘ຍᕤᢏ⾡◊✲఍㻘㏻ᕳ 㻠㻞㻣 ྕ㻘㻞㻜㻜㻤㻚㻌

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